The present work deals with the application of Topological Imaging to Ultrasonic Echo-Particle Image Velocimetry (Echo-PIV). Echo-PIV is a recent alternative to optical PIV for measuring the instantaneous velocity field of a fluid flow previously seeded with small particles. It consists in imaging the flow with an ultrasonic array at a high frame rate. Topological imaging is a method that benefits from the refocusing properties of the time-reversal principle in a systematic way, so that a single plane wave illumination of the medium leads to a fine resolution. Multiple insonifications are then possible at very high speed allowing not only static images of the medium but successive images of a moving medium. Experimental results are presented for a fluid seeded with stone powder. Two cases are studied: a vortex flow and the propagation of water surface waves.
INTRODUCTION Topological Imaging
Topological imaging is a recent experimental technique [1, 2] issued from applied mathematics researches [3] . It results from the application of topological optimization to the wave propagation inverse problem. The topological imaging method applied to ultrasonic inspection with a transducer array is divided into three steps:
x The array emits waves in the experimental medium and measures its response x Two wave propagation simulations are computed in the virtual reference medium with a numerical model x The topological derivative is computed from the two wave fields obtained in the second step. The first step is similar to any emission/acquisition imaging method. In the second step, the two propagation simulations in the reference virtual medium are the solutions of the direct and adjoint problems [1] . They correspond respectively to the radiation in the virtual medium of the signals emitted during the first step and the radiation of the time-reversed measured signals. The modelling requires the physical properties of the experimental medium to be known. For example, when imaging objects in a fluid, the wave velocity and the mass density of the fluid are used as the physical parameters of the model. The computations can be executed in the time domain, like in the TDTE (Time-Domain Topological Energy) method [1] , or in the frequency domain, like in the FTIM (Fast Topological IMaging) method [2] . The last step consists in the computation of the topological derivative from the wave fields obtained in the second step. Its rigorous formulation depends on the kind of inhomogeneity (Neumann, Dirichlet…) considered in the mathematical elaboration of the method. Nevertheless, generic formulations such as those defined in TDTE or FTIM methods allow to image any reflecting object.
With a single illumination, topological imaging allows a resolution similar to that obtained with classical multiple illumination methods [1, 2] . It benefits from the refocusing properties of time-reversal in a systematic way thanks to the interaction between the two wave fields. There is no need to look for the spatio-temporal maxima of the time-reversed wave field. It makes this method potentially advantageous for techniques requiring a high frame rate, such as Echo PIV (Echo Particle Image Velocimetry).
Echo Particle Image Velocimetry
PIV [4] is a widespread experimental technique that was developed with optical devices. It consists in measuring the velocity field of a fluid flow. The fluid is seeded with small particles moving with the fluid. The 2D zone of interest is illuminated with a laser sheet and a high frame rate camera takes successive images. The images are then processed with multiple cross-correlations so that the flow field can be deduced from the displacement of the particles between two images. Echo PIV is a technique based on the same principles, where the optical devices are replaced by a ultrasonic emission/acquisition system. It overcomes the limitation of optical PIV to transparent media and needs a single access to the flow since emission and reception are performed with the same transducer array. Echo PIV was first presented in 2004 [5] and is already applied to medical imaging for measuring the flow fluid in arteries and the heart [6] . A ultrasonic speckle correlation imaging of 2D particle velocity (USV) [7] was also published in 2001. It consists in illuminating the flow with a plane wave and in using cross-correlation processing over the scattered field, previously reconstructed with a parallel beam-forming technique. The technique we propose in this paper differs from USV by the use of topological imaging to obtain the images processed with the cross-correlation technique.
THE PLANE WAVE ECHO PIV METHOD
The Plane wave Echo PIV method presented in this paper results from the combination of Echo PIV and topological imaging. In Plane wave Echo PIV, a single plane wave illumination of the medium is made for each image, whereas, in standard Echo-PIV, multiple illuminations are required for each image to obtain a sufficient resolution [5] . The single illumination should allow a greater precision of the measurement since multiple illuminations imply a blurred image because the particles still move during the consecutive measurements. Furthermore, it allows the measurement of higher velocities because the frame rate is then only limited by the propagation time of the waves and not by the number of consecutive measurement necessary to obtain a single image.
Seeding is a crucial parameter of cross-correlation PIV techniques. It should be as less intrusive as possible. However the spatial distribution of particles should be dense taking care that the distance between them is greater that the resolution power of the imaging system. These are the conditions that guarantee the efficiency of the cross-correlation algorithm. In the experimental application presented in this paper, the flow is seeded with fine stone powder. The mean particle size is 12 micrometers. In standard Echo PIV, ultrasound contrast agents are preferred. They consist of microspheres of less than 10 micrometer mean diameter. The spheres contain gas so that the strong impedance difference between the fluid and the gas creates the strong backscattering characteristics of the contrast agents. Despite a lower contrast, simple stone powder was here used for its ease of use and very low price.
APPLICATION TO A ROTATING FLOW
The first experimental application presented is the velocity field measurement of a rotating water flow (Fig.  1) . First the water is seeded with the stone powder and then it is rotated with a magnetic stirrer. The image on the left corresponds to the contrasted raw results (Bscan) presented in 32 columns, each one corresponding to a transducer. In the center, the corresponding topological image is presented, which is obtained from the raw results using the FTIM method. Despite a single illumination, the resolution allows the particles to be distinguished and thus the cross-correlation algorithm to be efficient. This can be stated on the image on the right that presents the instantaneous flow field obtained from two consecutive topological images. The velocity near the rotation axis is about 0.2 m/s. The cross-correlation algorithm is described in [4] . The size of the crosscorrelation windows is 4mm by 4 mm.
APPLICATION TO A SURFACE WAVE PROPAGATION
The second experiment consists in measuring the flow field during the propagation of a water surface wave. The surface wave propagates in 80 cm long and 10 cm wide channel. The mean water height is 14.5 cm. The experimental apparatus is similar to that of the rotating flow experiment. Only the array orientation is different. The results obtained in these experiments are preliminary. Only the upper part of some instantaneous images is presented (Fig. 4) . The videos of the stationary surface wave presented Fig.4 and a transient wave can be downloaded at: https://www.dropbox.com/s/hhbpw91fs478u6a/Stationnary_surface_wave_250frames_250Hz_Fps24.avi and https://www.dropbox.com/s/u9ig8oth4tyx6mq/Transient_surface_wave_250frames_125Hz_Fps24.avi respectively. The white rectangle is plotted to emphasize the particles in this region. Half a period of the surface wave oscillation is described. Thus, during the next half period, the particles will move back to their initial position. The red region around 50 mm corresponds to the water surface. To obtain the particles in the images, a high electronic gain is used in the experiments. However the water surface is highly reflective and thus the corresponding echoes are very saturated.
FIGURE 4:
Screenshots covering half a period of oscillation of the stationary surface wave. The white rectangle shows an area where the particles tend to described a circle arc.
The cross-correlation technique is not well suited for oscillating flows because the size of the crosscorrelation window would be of the same order as the typical displacement of the particles around their mean position. A particle-tracking algorithm is actually under development. It is based on the tracking of a single particle detected in the first image. Particle tracking correspond to a lagrangian description of the flow, as the motion of the particle is described by following it. The cross-correlation corresponds to an Eulerian description, since it focuses on specific locations in space through which the fluid flows.
CONCLUSION
Topological imaging enables the Echo-PIV technique to be used with a single illumination of the medium for each image. The instantaneous velocity field of a rotating flow was measured at a 500 Hz frame rate using a Particle Image Velocimetry cross-correlation technique. The results obtained demonstrate the maturity of topological imaging. They also demonstrate that using solid particles to seed the moving medium can be an alternative to contrast agents. Preliminary results are also presented for the in depth surface wave propagation problem. The displacement of the particles can be observed on the topological images obtained but the velocity measurement from these images still requires numerical developments.
